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Ageing by passive aggregation and stochastic 
distribution of protein aggregates




1 - Ageing: pathways that modulate ageing and protein aggregation
2 - Segregation of protein aggregates in Schizosaccharomyces pombe 
3 - Switch from symmetric to asymmetric segregation of aggregates
4 - Pedigree studies of ageing and the role of protein aggregates
5 - Conclusions from the thesis work
Ageing is a decrease in fitness and an 
increase in death probability with time
(Sinclair et al.,  Annu. Rev. Microbiol., 1998)
Ageing is conserved among species
Genetic or environmental changes can slow 











Normal ageing   
Slow ageing
"Fons Juventutis" or "Fountain of youth", 
Lucas Cranach, 1546
Conserved pathways that modulate ageing 




























Protein aggregates are repaired by molecular 









Protein aggregates do accumulate during ageing
C. elegans  
(David et al., 
PLoS Biol, 2010)
D. melagonaster 
(Demontis and Perrimon, 
Cell, 2010)
R. norvegicus  















   
   







   







   
   
   











   







   
   
   



















   
   







   







   
   
   











   







   
   
   






How do cells solve this problem? 
t
Protein aggregates do accumulate during ageing
(David et al., 
PLoS Biol, 2010)
(Demontis and Perrimon, 
Cell, 2010)
(Diguet et al., 
Cell, 2010)
C. elegans  D. melagonaster R. norvegicus  
Aggregates segregate asymmetrically during cell division











(Rujano et al., PLoS Biol, 2006)
• Do aggregates segregate asymmetrically in 
Schizosaccharomyces pombe?
• How does S. pombe undergo ageing?
Developing a live assay for aggregate tracking: 
Hsp104 coupled to a fluorescent protein (GFP) 
5µm
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Result 1. Cells born with high number of 
aggregates are more likely to die









































• What mechanism underlies protein aggregate 
segregation?
Aggregates nucleate, move and fuse during the cell cycle
Hsp104-GFP,  T=30 C 
o
5 µm
Aggregates do not interact with the cytoskeleton
Aggregates, Microtubules
Aggregates, Actin
0'       10'       20'                                                                                                                                                    160'
time
0'       10'       20'                                                                                                                                                         160'  
0'       10'       20'                                                                                                                                                          160'  
2µm
2µm
Aggregates are not associated with lipid structures
0'       10'       20'                                                                                                                                                    160'
Aggregates, Lipid membranes 
(FM-464)
Aggregates, Nuclear membrane 
(bqt4-mCherry)
2µm2µm
Result 2. Aggregates move by diffusion in the cytoplasm
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 The passive aggregation model - aggregates 
modeled as colloidal particles
with Steven J. Lade, Thilo Gross, MPI-PKS
Nucleation   Fusion     Diffusion    Segregation
Time
 The passive aggregation model - aggregates 
modeled as colloidal particles
with Steven J. Lade, Thilo Gross, MPI-PKS
Nucleation   Fusion     Diffusion  
Time
Segregation
Test 1. Model predicts that the majority of cells
have a low aggregate size




















Test 1. Model predicts that the majority of cells
have a low aggregate size
Result 3. Aggregate segregation is symmetrical
and agrees with the model






















Number of aggregates before 
division











Result 3. Aggregate segregation is symmetrical
and agrees with the model






















Number of aggregates before 
division
How does the cell achieve symmetrical segregation?
Displace the division plane 
(pom1  )
or
Result 4. Enforcing asymmetric division results in 
asymmetric aggregate segregation
Hsp104-GFP,  T=30 C o
L1 L2





















Cell length asymmetry 
(L1-L2)/(L1+L2)
3. Unlike other unicellular organisms, in S. pombe
   aggregates segregate symmetrically at division
4. Forcing cells to divide asymmetrically results
   in asymmetric segregation of aggregates
Summary 1
2. Aggregates move by diffusion in the cytoplasm   
   and are distributed between two compartments
1. Accumulation of aggregates leads to death
• Will an abrupt increase in the number of 
aggregates change the segregation mode? 







Hsp104-GFP,  T=30 C o
5µm







Hsp104-GFP,  T=30 C o
5µm
Result 5. Aggregates segregate asymmetrically after stress
Control                                              Heat stress
The switch to asymmetric aggregate segregation





















































Conclusion 1. Aggregate segregation is switchable in 









• How do S. pombe cells undergo ageing?
Replicative ageing is defined by an increase in division 

























t 1t 2 >
t 2t 3 >
Microcolony growth allows us to identify ageing cells






    
Old pole
New pole
Cell pole inheritance defines the cell identity
Lineages in the pedigree tree show that cells

































1 2 3 4 5 6
S. cerevisiae (Jazwinski et al.)
E. coli (Stewart et al.)
Result 6. Cells that inherit the new or the old pole 




























































































Death results from random accumulation 
of aggregated proteins
1. In S. pombe aggregates segregate symmetrically 
and switch to asymmetrical segregation after stress.
2. Asymmetric segregation allows the fast 
generation of damage free cells after stress. 
Conclusions
3. S. pombe does not undergo replicative ageing.
Tolic-Norrelykke group @ MPI-CBG



























(Hoescht 1ug/ml)  
Bright Field 






























L972 + H2O2 1mM 

Hsp104 associates with oxidatively damaged proteins
Hsp104 aggregates are similar to alpha-synuclein 
aggregates in S. pombe




























































dHsp40, 70 show higher number or amount
of aggregated proteins
Hsp104-GFP,  (DeltaVision), YE5, 25C
wild type d Hsp40 (psi1) d Hsp70 (ssa1)
Deletion of small Hsps leads to less Hsp104 foci - 





dHsp16 - less aggregation dHsp20 - less aggregation
Hsp104-GFP,  (DeltaVision), dt=10min, 7fps
Aggregate size decreases during G0
Aggregates are excluded from cells during meiosis
Cytoplasmic Hsp104 labelled protein aggregates are recovering
dt=15sdt=15s
t0
Bleaching of foci close to nucleus Bleaching of foci away from nucleus
Nucleus
foci
Result: Fast recovery 
(t1/2 10min)
...however we need to repeat
this with a continuous laser
Aggregates do not interact with the cytoskeleton
BrightField       Microtubules, Aggregates
BrightField             Actin, Aggregates
Aggregate mediated death in S. pombe
Quantification of localization of aggregates
Aggregate localization does not change upon 
cytoskeleton depolymerization
High time resolution fusion and difusion events (TIRF)
A. Diffusion and fusion
B. Dock - release  - diffusion - fusion









 The passive aggregation model parameters
Steven J. Lade, Thilo Gross, MPI-PKS
Nucleation and fusion increase after stress
Test 2. Fusion and nucleation depend on the 
total number of aggregates 
total foci (n1+n2)
Segregation asymmetry
 = |n1-n2| / (n1+n2)
Equal       Random        Biased
0.............0.5...............1
How does segregation of protein aggregates 
at cell division occur?
or
or
Aggregate dynamics after heat stress
Nucleus “traps” large aggregates after HS originating an 








No ageing up to 50 divisions!
*Aygül Dereli, Anett Haese
S.p - Schizosaccharomyce pombe
S.c. - Sacharomyces cerevisiae (Jazwisnki,1989)
Ageing pathways
1.Insulin-like signaling (ILS) - heat stress, oxidative stress, autophagy, protein aggregation
2.Dietary restriction (DR) - heat stress, mitochondrial biogenesis, protein aggregation
3.Target of rapamycin (TOR) - translation, mitochondrial biogenesis, autophagy, protein aggregation
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Hsp104 is a molecular disaggregase that interacts 
with aggregated proteins
Hsp104Yeast protein quality control






C. elegans (Alavez et al, Nature, 2011)  






S. cerevisiae (Kruegel et al, PLoS Genet., 2011)  S. cerevisiae (Unal et al, Science, 2011)  
  
Aggregation
